The present paper reports the application of a computational framework, based on the Quantum Master Equation, the Fermi Golden Rule, and conventional wavefunction-based methods, to describe electron transport through a Spin Crossover molecular junction (Fe(bapbpy)(NCS)2, 1, bapbpy= N-(6-(6-(Pyridin-2-ylamino)pyridin-2-yl)pyridin-2-yl)-pyridin-2-amine). This scheme is an alternative to the standard approaches based on the relative position and nature of the frontier orbitals, as it evaluates the junction's Green's function by means of accurate state energies and wavefunctions. In the present work, those elements are calculated for the relevant states of the high-and low-spin species of 1, and they are used to evaluate the output conductance within a given range of bias-and gate-voltages. The contribution of the ground and low-lying excited states to the current is analyzed, and inspected in terms of their 2S+1 Msstates. In so doing, it is shown the relevance of treating not only the ground state in its maximum-Ms projection, as usually done in most computational-chemistry packages, but the whole spectrum of lowenergy states of the molecule. Such improved representation of the junction has a notable impact in the total conductivity and, more importantly, it restores the equivalence between alpha and beta transport, which means that no spin polarization is observed in the absence of Zeeman splitting. Finally, this work inspects the strong-and weak-points of the suggested theoretical framework to understand electron transport through molecular switchable materials, identifies a pathway for future improvement, and offers a new insight into concepts that play a key role in spintronics.
Introduction
Molecular Spintronics has recently emerged as an alternative to traditional silicon-based transistors in the ever-lasting quest for (further) miniaturization. [1] [2] [3] [4] [5] [6] It is based on the use of a junction molecule sandwiched between two electrodes. When the coupling between them is weak, Coulomb Blockade (CB) may occur. In those cases, the electron transport across the junction is activated by the application of a bias voltage ( ) between the electrodes to align their Fermi energy with the states of the molecule (ie. state alignment). Then, the application of a gate voltage ( ) is capable to remove the alignment by altering the electronic structure of the molecule, effectively changing the output conductance. This is, essentially, a device for which the conductance can be modified by the application of an external stimulus, hence why such kind of setups have been envisaged as nanometer-sized transistors. 1, [7] [8] [9] Spin Crossover (SCO) systems are natural candidates to such emprise, [10] [11] [12] [13] [14] [15] [16] [17] [18] since they are one of the most-studied examples of molecular switches, a kind-of molecular-size analogous of a transistor. In the case of octahedral Fe(II)-based species, components exist, which makes the orbital-based perspective even more questionable: normally, the conductance is extracted from the Density of States (DOS) of the junction, that is, from the characteristics of the molecular orbitals (ie. energy, nature). For an open-shell molecule, those are typically calculated from the maximum-Ms state in most computational-chemistry packages. 29 For instance, the orbitals of a quintuplet are those of the Ms = S = 2 solution, with four more alpha than beta electrons below the Fermi energy. It thus follows that the DFT conductance, within the orbital-alignment perspective, is actually calculated for the maximum-Ms solution, and that the other Ms-states should exhibit a different DOS (due to the different number of α and β electrons) and, thus, different conductance. This introduces yet another simplification to the orbital-alignment view, and may lead to misleading results and conclusions, such as the observation of spin polarized transport in the absence of an external magnetic field. 16, 18, 30 Another important limitation of computational studies, it that the results obtained are hardly comparable to experiment, even if properly done. This is because the conducting properties are prone to suffer large oscillations as a result of changes in the metal-molecule contact. This is a weak point in simulations since those are usually restricted to the analysis of a single structure that is supposed to be representative. Experimentally, this leads to the statistical treatment of the data by means of the so-called conductance histograms, 31 instead of using a single set of I-V characteristics of the junction, which is the target quantity in simulations, as it corresponds to the fingerprint of the electronic structure of the molecule. 8, 32 In the present paper, we report the application of a computational approach that aims at solving some of the challenges that we have pointed out and, particularly, those related to the appropriate description of the junction states. This algorithm is based on the Quantum Master Equation (QME) and the Fermi Golden Rule, and is here applied to study electron transport through a real (ie. not model) molecular junction, the SCO molecule: Fe(bapbpy)(NCS)2 (1, bapbpy= N-(6-(6-(Pyridin-2-ylamino)pyridin-2-yl)pyridin-2-yl)-pyridin-2-amine, see Figure 1 ). [33] [34] [35] We have chosen a SCO molecule due to their interest for spintronics devices (see above), but also because they are the perfect examples to show the potential of our algorithm, since their complex electronic structure (strong static correlation) requires a wavefunction description based on multi-configurational methods. Among all possible candidates, we have chosen this molecule as a part of a wider computational work for which its small size and number of atoms represents an advantage. Regarding the algorithm employed herein, it is based on a theoretical approach developed recently by some of us, 36, 37 designed for describing CB experiments and, more important, it relies on the evaluation of state energies rather than orbital energies. Therefore, it tackles some of the fundamental problems that we have previously mentioned, as it allows for an accurate evaluation of the neutral and charged states of the molecular junction (ie. the junction Green's function), including the different Ms-projections, by means of wavefunction-based (WFT) methods. Such formulation of electron transport is notably appealing, as it allows the use of quantum chemistry methods as an input in the evaluation of the transport characteristics. Of course, there is a price to pay, and such detailed description of the junction's electronic structure is done here at the expense of a rough description of the electrodes and their interaction with the molecule. This point, as well as other approximations, are thoroughly discussed along the paper, and will be the subject of future work. Finally, we must clarify that there is no experimental evidence concerning the use of 1 as a molecular junction and, thus, it is not clear under which conditions it might present CB. However, the results shown here for 1 might be taken as representative of Fe(II)-based SCO molecules displaying such electron transport regime. Overall, ca. 100 states have been computed for 1 HS and 1
LS
, including the ground state and the low-lying excited states for the neutral and charged species. The relevant states are analyzed, the charging potentials (ie. IP and EA) are computed, and the contribution of each state to the intensity curves is studied in detail in terms of their 2S+1 Ms-states. In so doing, we show the relevance of treating not only the maximum-Ms projection of the ground state, as usually done in most computational-chemistry packages. Qualitatively, this is highly relevant, as it restores the equivalence between alpha and beta transport, which means that no spin polarization is observed in the absence of Zeeman splitting. Quantitatively, we have found that the conduction through the intermediate Ms-projections (ie. those with Ms ≠ ±S) represents ca. 30% of the total conduction for the HS specie, 1
HS
. The structure of the manuscript is the following: the electron transport algorithm is detailed in Section 2. In the Results and Discussion section (Section 3), we first present and discuss the characteristics of the computed neutral and intermediate states of the HS-and LS-optimized geometries of 1 (Section 3.1). Then, we focus on the results extracted from the subsequent application of the transport algorithm (Section 3.2). The computational details are given in Section 4, which includes how the energy and wavefunction were calculated for the relevant spin states. Finally, in Section 5 we summarize the conclusions that can be extracted from this piece of work.
Methodology
The QME represents an alternative to describe Coulomb Blockade by using molecular states instead of single-electron energies. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] Based on the QME and the Fermi Golden Rule, some of us we have recently proposed 37 to write the Voltage-dependent current for the sequential, weak-coupling, elastic transport, as: in Section S1.
From equations 1 and 2, it is important to notice that there is one transfer coefficient for each intermediate state ( − for the anionic channel), that encompasses its relation with all neutral (I) states (see first summation in eq. 2). The electronic structure of the electrodes is accounted for by means of its DOS ( ) and Fermi distribution ( ). For simplicity, has been considered to be constant and equal to 1 and, thus, is the only voltage-dependent quantity (eq. 3).
where, is determined by the Fermi level of the left electrode ( , ) and the applied voltage (eq. 4).
We have assumed that the Fermi level of the electrodes is aligned to the neutral ground state of the molecule, which is the reference energy throughout this work (ie. , = , = 0). This means that only depends on the applied voltages, such that the electrodes chemical potential can be written as in eq. 5a-b. Moreover, it must be mentioned that the terms , − and + employed along the manuscript are, indeed, not absolute energies, but energy differences with respect to our reference state.
In practice, equations 3-5 mean that the electron transport through a given pair of neutral-anionic states will only occur once their energy difference ( − − ) is overcome by or, at least, sufficiently close (thermal smearing occurs at high temperatures, eq. 3). First of all, is important to notice that such energy difference corresponds to the EA of the two states involved ( − − =
). This magnitude plays a key role in electron transport and, consequently, is essential to understand the results shown in subsequent sections. However, the requisite ≥ does not suffice to achieve the correct activation of the neutral states depending on the applied voltages. To this purpose, we have defined the terms and − , which define the normalized Boltzmann population of the neutral (I) and intermediate ( − ) states (eq. 6a-b).
ensures that the activation of the high-energy neutral states requires a large voltage, whereas − ensures that the condition of equilibrium is fulfilled, that is, the excited intermediate states have enough time to relax towards their ground state and, thus, they are not involved in the electron transport ( 0 − is the energy of the ground intermediate state). Notice that, in the absence of Zeeman splitting, the constant flow of electrons must populate equally the different Ms-projections of a given state, since those are degenerate. Hence the presence of the partition function of the system ( = · · ), expressed using the partition functions of the fragment and of the left and right electrodes, respectively, which, in the absence of a magnetic field, corresponds to the multiplicity (2S+1) of each subsystem before (I) and after ( − ) the electron transfer from the left lead to the molecule. Since the total number of electrons must remain constant along the process, we considered that the leads are temporarily found in a "doublet" state (ie. = = 2) when the molecule is in the neutral state (I). One electron of the left lead is then transferred to the molecular junction to create the intermediate states ( − ), in which case: = 1 and = 2.
The second summation of eq. 2 computes the coupling between a given pair of neutral and intermediate states that define the initial (ie. electron still in the left lead) and final (ie. electron in the junction) system. It runs over the set of orbitals ( ) that we have used to describe the fragment. In principle, those orbitals should be very similar (if not the same) for the neutral and intermediate states of the molecule, and each may be considered to have a different coupling with the electrode, here modelled by the hopping integral (ℎ , ). This can be used to model the observation that the number of transmission channels depends on the number of molecule-electrode bonds. 48 Physically, ℎ , represents the energy barrier for the injection of the electron to the molecule in a way that a larger value represents a smaller barrier (ie. better coupling). Since we work in a weak-coupling regime, we have chosen small ℎ , values, which allows us to assume that the gas-phase electronic structure of the molecular junction remains unchanged when coupled to the electrodes. It is expected that the increase in size of the SCO molecule, upon the LS-to-HS transition, implies an improvement in the junction-electrodes coupling. Therefore, we have assumed a slightly different value of ℎ , for the LS and HS species of 1. For simplicity, we have chosen values of 2 and 1 cm
, respectively. are not related by the sole application of a creation operator and, therefore, the coupling between those states equals 0. If otherwise, the coupling would equal 1. In cases with possible multi-configurational character of the states (as in the case of 1), the evaluation runs over all pairs of neutral-intermediate electronic configurations ( ), and the coupling depends on the coefficients ( ) that define them ( = ∑ ). In such cases, the coupling may take whatever value between 1 and 0. Notice that what underlies eq. 2 is similar to the selection rules commonly employed in the rationalization of electronic excitations. One part determines the energetic requirements for the excitation/transport to occur (Fermi function and Boltzmann terms), whereas the coupling between states determines the probability/height of the excitation/intensity jump.
Finally, we must mention that the population of and β electrons in the electrodes is assumed to be equivalent (the use of polarized electrodes has been previously inspected by some of us in a 2-electrons/2-orbitals prototype 36 ). Regarding the connection of this methodology with previous theoretical work, we would like to mention that QME-methods have been employed to study electron transport in DNA molecules, 49 and that the importance of the electronic details of the junction was highlighted by one of us, to understand the STM-imaging of paramagnetic dioxygen adsorbed on a surface.
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Electronic structure of the Junction. As commented above, the rate of electron transfer depends on the availability of the electronic states of the molecular junction, in terms of their energy and wavefunction. The accurate description of those two points is, thus, crucial. To do so, in this paper we have used the Complete Active Space method combined with the PT2 correction (CAS, in short), whose quality highly depends on the proper selection of the active space. Therefore, the selected orbitals must (i) provide an accurate energetic evaluation of the neutral and intermediate states, and (ii) be flexible enough to not preclude any potentially-relevant orbital to be involved in the electron transport. In this work, we have included the 3d and 4d orbitals of the iron ion, together with the N(p)-Fe(d) σ-orbitals, yielding a total of 10 electrons in 12 orbitals, namely: CAS(10e,12o). This is the strategy that has been generally used in the literature to study SCO compounds, as it provides the best evaluation of the adiabatic energy gaps (∆ = − ). This choice makes sure that the first point is accurately accounted for. Moreover, this active space has also proved to be adequate for our purposes as it provides enough flexibility to accommodate the incoming electron when the SCO molecule is negatively charged (see Computational Details section for further information).
Regarding the nomenclature, the energy levels (ie. states) are defined by | , , ⟩ , where Q stands for the charge on the fragment, S is the total spin, Ms is the spin projection, and 'i' means that it is the i-th state with this charge ( = 0 indicates ground state, > 0 indicates an excited state). Occasionally, we will use N as the number of electrons of the neutral specie. In the present study, = +1 and = −1 stand for the cationic and anionic states, respectively. Highly oxidized or reduced intermediate states with = +2 or −2 are not considered as they are expected to lie too high in energy and because the conduction through them is not compatible with our algorithm based on sequential transport. When describing electronic configurations, a string of 5+1 characters will be given (for instance, 2uuuu+0), defining the occupation of the five 3d orbitals of Fe (3 t2g + 2 eg) and one п-ligand orbital. The characters might be '2', for doublyoccupied; 'u' for -occupied; 'd' for -occupied and '0' for empty. Finally, we will use the t2g and eg labels for the (mostly-) 'd' orbitals of Fe, even if the system is not perfectly octahedral.
Results and Discussion

Energy levels and wavefunction of 1.
The first step of the analysis implies calculating the energies and wavefunction of the neutral and intermediate states that will be included in the electron transport algorithm. Since we cannot know, a priori, which states are relevant, we have decided to do so for several neutral states in the singlet, triplet and quintuplet spin multiplicities and the doublet, quadruplet and sextuplet states of the cationic and anionic species, both for the HS-and LS-geometries of 1. Overall, ca. 100 states have been computed. The relative energies have been collected in Figure 2 , where it can be seen that all those states cover an energy range of ca. 10 eV. All cationic states lie 5 eV above the ground LS state (whose energy is taken as reference), whereas the low-energy region contains a plethora of neutral and anionic states. It must be noted that there may exist other neutral and anionic states between 2 and 5 eV that we have not computed since they are not expected to be relevant. The reason is that in the calculations presented in this work we have assumed a temperature of 10 K, which ensures that only those lying in the low-energy region will play a role. As discussed in Section 2, a neutral state contributes as soon as its energy is reached by . Since the bias window (∆ = − ) explored in our calculations covers up to ca. 3 eV ( ≤ 1.5 and ≥ −1.5), this means that any neutral state whose → ±1 lies above 1.5 eV (ie. 2 ⁄ ) will not be accessible (at = 0). Therefore, only three neutral states: the ground quintuplet state (|0,2, ⟩ 0 ) and the first two excited quintuplet states (|0,2, ⟩ 1 and |0,2, ⟩ 2 ) can potentially contribute to the electron transport of the HS specie (1 HS ), together with the anionic ground state (| − 1, 3 2 ⁄ , ⟩ 2 ). In turn, the ground singlet state (|0,0, ⟩ 0 ) and the first two excited states: a triplet (|0,1, ⟩ 1 and a quintuplet |0,2, ⟩ 2 ), can potentially contribute to the electron transport of the LS specie (1 LS ), together with the corresponding ground anionic state, a doublet (| − 1,1/2, ⟩ 0 ). For further details about those states see Section S2. Finally, the adiabatic energy gap (∆ = − ) predicted from our simulations is 0.127 eV (12.25 kJ/mol), in very good agreement with the value of 0.15 eV (14.5 kJ/mol) that we evaluated for the isolated molecules of 1.
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Notice that ∆ is an estimation of the energy required to trigger the spin change of 1 at low temperatures (ie. weak entropy contribution). An accurate quantification is, thus, desirable, and is precisely one of the advantages of WFT-based methods. At this point it is worth commenting on the characteristics of the relevant anionic and neutral states. Regarding 1 HS , the quasi-octahedral Fe-ligand coordination creates three quasi-degenerate HS states ( = 2), found within an energy range of 0.3 eV (see Figure 2) . The electronic structure of those states must be described using a combination of the 21111-0, 12111-0 and 11211-0 configurations ('1' may be either 'u' or 'd' depending on the Ms-projection), in which the doubly occupied orbitals are the three t2g of the Fe (see above for nomenclature and Table S1 and Figure S1 for more details). This is a well-known feature of the Fe(II) ion and of many transition-metal-based compounds, and makes them a challenge for theoreticians since static correlation must be properly accounted for (ie. multireferential character of the wavefunction), whose accurate description remains difficult for most computational methodologies. This is clearly one of the advantages of the CAS framework and one of the reasons why it is the workhorse of the chemistry community when dealing with SCO compounds. The dominant configuration of the three quasi-degenerate HS states has been depicted in Figure 3a . In the anionic compounds, the extra electron is accommodated on the п-system of the bapbpy ligand (see Table S2 and Figure S2 ), in agreement with what has been found in other SCO molecules. 17, 52 In the computational details section, we comment on the consequences that this has on the CASSCF calculations. Regarding the energy spectrum, six anionic states appear in the lowenergy region: three quadruplets and three sextuplets. An inspection of those states reveals that they correspond to the addition of one or electron to the three quasi-degenerate neutral HS states that we previously mentioned. Therefore, one may say that each neutral state has two child (ie. highly-related) intermediate states. We depict in Figure 3b the configuration of the first three (two quadruplets and a sextuplet). By looking at the electronic configurations of the ground intermediate state | − 1, 3 2 ⁄ , ⟩ 0 (see Table S2 ) and those of the ground neutral state |0,2, ⟩ 0 (Table S1) , it can be seen that the two are related by the addition of one electron to the latter. In turn, the first-and second-excited intermediate states are the two child states of the second excited neutral state |0,2, ⟩ 2 . The remaining child states appear slightly higher in energy (see Figure 2 and discussion above). Finally, it must be noted that the anionic ground state is a quadruplet, which suggests an "antiferromagnetic (AFM)" coupling between the electron in transit and the unpaired electrons of the Fe ion. A similar picture is drawn from the calculations on the LS-optimum geometry. As expected, the groundstate singlet is the maximum-pairing solution of the six electrons in the t2g manifold of the Fe II ion (see Table S3 and Figure S3 ). Such electronic configuration describes this state with 94% of weight whereas the remaining 6% comes from a large collection of determinants, underlying the mono-configurational nature of the LS states, in contrast with the HS ones. Interestingly, the first-and second-excited neutral states correspond to the triplet and quintuplet solutions, respectively. In those states, one (or two) of the t2g electrons is (are) excited to the eg anti-bonding orbitals in a 'ferromagnetic (FM)' fashion, yielding the aforementioned triplet (quintuplet). Both states lie higher in energy, ca. 1.2 eV above the singlet. In turn, the excited singlet states lie much higher (above 2 eV) and correspond to a t2g-to-eg excitation in an 'AFM' fashion. The anionic states of 1 LS are very similar to that of 1
HS
: the transiting electron is accommodated in the п-system of the bapbpy ligand, yielding a doublet anionic ground state (see Table S4 and Figure S4 ). Once we know the energy of the relevant states of the HS-and LS-optimized geometries (1 HS and 1
LS
), we can compute the chemical potentials associated to the electron transport, which correspond to either the EA's ( → +1 ) for the anionic channel, and the IP's ( −1→ ) for the cationic channel (see Table 1 ). These are the key magnitudes to rationalize the I-V characteristics of 1, which is our goal in the next section. Notice that the EA's and IP's are calculated depending on the neutral state, but always implying the ground intermediate states. The concept of EA's (or IP's) involving excited states is not usual, and one must not erroneously associate them to the 2 nd EA (or IP).
Electron transport calculations
Using the methodological framework detailed in section 2, and the information on the energy levels summarized in section 3.1, we have calculated the intensity (ie. current) with respect to and . The former has the effect of increasing (decreasing) the Fermi energy of the left (right) electrode, while the latter changes the relative energy between the levels of the electrodes and those of the junction (eq. 5). The combined application of and allows the left electrode to reach the EA's that describe the charging of the junction ( → +1 ). This, and the wavefunction characteristics of electrodes and junction, dictate the transfer rates (eq. 2) and, thus, the current (eq. 1). In this set of calculations we have explored the following range of voltages: 0 to 1 V for and 0 to 3 V for , which implies that ( ) reaches 1.5 V (−1.5 V, see eq. 3). Figure 4a that the first jump is higher than the second and third ones. This is because the intermediate ground state and the neutral ground state are highly-related (see 'child'-states discussion in 3.1). In turn, the sudden increase in intensity is due to the fact that neither offresonant transport nor vibrational degrees of freedom are included in our model, which would have the effect of smoothing the shape of the I-V curves. As previously mentioned, those jumps arise from the charging of each of the three lowest neutral states (see Figure 1) . However, it must be noticed that not all of the neutral Ms-states are active (see Table 2 ). Even if their energy is rigorously the same, the wavefunction imposes some restrictions. For instance, the Ms = 0 projection of the first excited neutral state (|0,2,0⟩ 1 ) does not contribute to the transport (and the same for |0,2,0⟩ 2 ). This is because there is no way to access any of the two possible anionic states (those with either Ms = 1 2 ⁄ or − 1 2 ⁄ , see "Case 1" in Table   3 ) that can be built starting from |0,2,0⟩ 1 and applying the creation operator on the fragment ( † ) once (ie.
adding an electron). For the same reason, none of the states |0,2,2⟩ 0 and |0,2, −2⟩ 0 contribute to the transport of alpha and beta electrons, respectively (see "Case 2" in Table 3 ). The collection of the wavefunction details for all microstates is shown in Supp. Section S2. See also Supp. Section S3 for an analysis of the contribution of each anionic Ms-state to the total intensity. Anionic State:
It can be seen that most of the ( ) transport comes for the Ms states with most ( ) unpaired electrons. However, the intermediate Ms-states (those with Ms ≠ ±S) of the neutral states contribute up to 32%, 28% and 27% of the total intensity in zones 2, 3 and 4, respectively. Moreover, the neutral excited states may significantly contribute to the electron transport (up to 36% in zone 4). These two points underline the importance of treating not only the ground neutral state with maximum Ms value, but also the low-lying excited states and the full set of degenerate Ms-states (so-called All-Ms set). Regarding the latter, we performed a different set of calculations using only the maximum Ms-projection of the computed spin states of 1
HS
. That is, the Ms = 2 and Ms = 5/2 for the neutral and anionic species, respectively (Max-Ms set). The results, collected in Figure 5a , are notably interesting: the intensity displayed by the Max-Ms calculations is always larger than that of the All-Ms set of calculations. This might be counterintuitive at first sight, since less channels are open when only one Ms-state is available or, in other words, fewer neutral-intermediate pairs of states are associated with a non-zero transfer-rate coefficient, − . However, having more open channels implies more 'options' for the incoming electron, which spreads equally through all of them, including those that are not so effective for the electron transport (see Table 2 ). As a result, the net intensity diminishes considerably (20.6 vs. 2.80 nA for Max-Ms and All-Ms sets, respectively). Instead, when including only the maximum-Ms state, one forces the incoming electron to follow the 'best' pathway (ie. the one that yields the largest current). In the present case, the one that implies the Ms = 2 neutral state and the Ms = 3/2 anionic state. In other words, the All-Ms set includes more neutral-intermediate pair of states, but each of them contributes less to the current, since the associated transfer rate coefficients (eq. 2) are smaller due to the much larger partition function in terms and − (eq. 6). For the All-Ms set, equals 5 and 4 for the neutral and intermediate state, respectively, whereas in the Max-Ms set, is 1 in both cases. Regarding the I-V characteristics of 1
LS
, those are simpler (see Figure 4c ). Only one jump is observed, at = 0 and = 690 mV (ie. = 345 mV), that is, at lower voltage than the first jump of 1
HS
. This means that there is a voltage window in which compound 1 behaves as a switch with a 100% change in conductance (on-off). Only the ground neutral state is accessible, and the huge jump in intensity is explained by the excellent effective coupling between the neutral (100% configuration 22200-0, see Table S3 ) and intermediate states (98% conf. 22200-u, see Table S4 ) involved.
Finally, there are two interesting features that must be commented: First, no spin filtering is observed. The alpha current ( , see Figure 5b ) is exactly the same as the beta ( , see Figure 5c ). This was expected once the inclusion of all of the Ms states restores the equivalence between alpha and beta transport, which is not present if broken-symmetry solutions are used (see Supp. Section S4 for details on the construction of the Ms-projections). This shows that a paramagnetic molecular junction can only act as a spin filter if one breaks the degeneracy of its 2S+1 Ms-states. In real devices, this can be achieved thanks to the application of a magnetic field (to induce a Zeeman Splitting) 53, 54 or by means of the generation of spinorbit coupling in the molecule-junction interface. 10 The second observation is that, within the explored range of voltages, the computed intensity is larger for 1 LS than for 1 HS (ca. 5.67 vs. 2.88 nA, see Figure 4 ), in contrast with what has been mostly (an exception 55 ) observed previously for other SCO compounds.
9,11
It must be stressed that our calculations cannot be directly compared with experiment, and even less with experiments performed on other SCO systems. However, it is worth commenting that the larger current typically observed for the HS state might be originated from the different interaction between the electrodes and the junction when the latter is in the HS or LS states. Currently, this is poorly accounted for in our scheme since the hopping integrals (ℎ , ) quantifying the coupling of 1 LS and 1 HS are assumed to be 1 cm , respectively. In other words, we are assuming roughly the same energy barrier for the electron injection in both the LS and HS cases. To numerically confirm this point, we have computed the I-V curves for 1 HS assuming ℎ , = 4 cm −1 and, as expected, the associated intensity is multiplied by four (quadratic dependence, see eq. 2) along the whole range of voltages (see Figure S5 ). This would agree with the expected the larger conductivity of the HS specie. Considering the key importance of the electrodesjunction coupling in the conducting and switching properties of the molecules, 9, 11 it is clear for us that the parametrization of ℎ , remains one of the main challenges to be solved. We are aware of this point and we are currently devoted to improve it.
Computational Details
To obtain the energy and wavefunction of the relevant states of 1, we have first optimized the geometry of the neutral quintuplet and singlet states (HS and LS, respectively). For simplicity, we have assumed that the time scale of the electron transport is shorter than the molecular relaxation and, thus, the molecular geometry is kept the same for the neutral, anionic and cationic configurations of either 1 HS or 1
LS
. Using those geometries, complete active space self-consistent field (CASSCF, also referred to as CAS) calculations have been converged for all relevant spin states of the anionic, neutral and cationic states of 1 HS or 1
. That is, for the neutral case, quintuplet, triplet and singlet spin states have been considered, whereas for the anionic and cationic cases, we have calculated the doublet, quadruplet and sextuplet states. The energies and wavefunctions of the ground and the low-lying excited states of each spin state have been obtained simultaneously from a single state-average CASSCF calculation including few roots with equal weight. Then, the obtained set of orbitals has been used to compute the energy of higher excited states. Our strategy implies that the excited states are restricted to excitations that occur within the active space orbitals. Notice that this is appropriate since, in practice, more complex excitations would present a small coupling with the ground intermediate state, thus leading to negligible contributions to transport. The active space of the neutral species include the 3d and 4d orbitals of the iron ion, together with the N(p)-Fe(d) σ-orbitals, yielding a total of 10 electrons in 12 orbitals, namely CAS(10e,12o). This active space has been proposed in the literature [56] [57] [58] to be adequate to describe such materials, since it includes the non-dynamical (or static) correlation of the Fe atom, as well as the most important contributions to dynamical correlation. Unfortunately, it has been impossible to achieve the same active space in the CAS(11e,12o) of the anionic species. As commented in the main text, the extra electron is accommodated on the bapbpy ligand. As a consequence, the active space changes with respect to the calculations of the neutral species: a п orbital of the ligand enters the active space, replacing one of the 4d orbitals. This was expected and, indeed, desirable, since the active space is capable to accommodate the extra electron. However, the two N(p)-Fe(d) σ-orbitals are replaced by the 3s and 3py orbitals of Fe. Attempts to maintain the active space as unaltered as possible were unsuccessful. In principle, this implies that the relative energy difference between the anionic and neutral states might be slightly affected by the modification in the active space. However, be believe that this effect is negligible compared to the actual energy difference and, in any case, it would only have the effect of translating the I-V curves along the V axes (the relative positions of the intensity jumps would remain unaltered). Moreover, since the original and the replacing orbitals have always the same occupation, we can confirm that this does not have an effect on the wavefunction and, therefore, the analysis performed in the main text remains valid. The ideal solution would be to achieve the same active space for all the energy evaluations performed in this work but, unfortunately, this could not be done for all states evaluated herein.
Upon the CAS(10e,12o) and CAS(11e,12o) wavefunctions, the remaining dynamic correlation has been included with a subsequent CASPT2 treatment on the whole set of orbitals, excluding the deep-core ones (1s of C, N and 1s, 2s and 2p of Fe and S). We have used an IPEA shift of 0.5 a.u. (instead of the default value 0.25 a.u.), which has been proposed to be more adequate to describe SCO compounds or, at least, its adiabatic energy gap.
58-61 All CASSCF-CASPT2 calculations have been carried out with the Molcas 8.0 package. 62 We have used ANO-RCC basis sets, designed to include the scalar relativistic effects with the 65 It must be noted that this level of contraction in the basis set has been found to be a good compromise between accuracy and computational cost. 56 The Cholesky decomposition has been employed to treat the two-electron integrals in all the calculations. 66 Notice that all CASSCF-PT2 calculations have been performed without taking into account the effect that the accumulation of charges in the electrodes may have in the electronic structure of the junction. A posteriori calculations have been performed to simulate the charging of the electrodes by means of point charges, and show a 10% change of ∆ at voltages up to 1 V (see Supp. Section S6).
Conclusions
We report the application of WFT-based methods to study electron transport through an open-shell junction, the SCO molecule to the successive activation of the three quasi-degenerate quintuplet neutral states as the bias window encompasses them. Starting from those quintuplet states, the incoming electron is accommodated in a п-orbital, mainly localized in the bapbpy ligand in an 'antiferromagnetic' fashion, thus yielding a quadruplet anionic ground state. The contribution of the 2S+1 degenerate Ms-states to the total intensity has been analyzed along the explored range of voltages, and has provided some valuable insights. Interestingly, the intermediate Ms-states (those with Ms ≠ ± S) significantly contribute to the total conductance (ca. 30% of the total intensity). Moreover, once all of the Ms states are accounted for, the equivalence between alpha and beta transport is restored. This means that a spin polarized currents cannot be originated (exclusively) in the molecular junction, even if molecules with S ≠ 0 are used to that purpose, unless the degeneracy of the Ms-projections is broken through the application of a magnetic field or polarized input currents. Our computational framework (and few other based on the QME 45 ) allows for the evaluation of all possible scenarios, whereas standard NEGF-DFT methodologies are restricted to describe the maximum-Ms state of the molecular junction, which is only valid in cases when the other Ms-states lie much higher in energy. In turn, the I-V curve of 1 LS displays only one jump at = 690 mV (and = 0), corresponding to the activation of the neutral singlet state, with the incoming electron being accommodated, such as in 1
HS
, in the bapbpy ligand. Unexpectedly, the maximum intensity of 1 LS is larger than for 1
, which is ascribed to the insufficient parametrization of the hopping integral ( , , eq. 2) to represent the electrode-junction coupling. Finally, when the I-V curves of 1 HS and 1 LS are compared, a voltage window can be identified in which compound 1 behaves as a switch with a 100% change in conductance (on-off).
Regarding the methodology employed herein, this manuscript reports the first application of a computational scheme that some of us previously proposed, 36, 37 to rationalize the conduction characteristics of a real molecular junction. Herein, WFT-based methods are employed to retrieve the necessary information on the relevant states, that is, their energy and wavefunction or, in other words, the junction Green's function. The approximations and the quality of the algorithm are discussed throughout the text, and potential points of improvement have been identified, notably: (i) the description of the junctionelectrodes coupling, whose improved evaluation is our immediate goal. (ii) The DOS of the electrodes, which can be computed from first-principles instead of assume it to be constant and equal to 1. (iii) The incorporation of transfer rates describing vertical relaxation processes (thermal and/or photophysical). Furthermore, in order to provide a complete ab initio description of the transport, it is highly desirable to develop a combined CAS/DFT method. This is a difficult task in particular because of the infamous double counting problem. 67 Nevertheless, recent works have shown that such a combination can be achieved, in principle exactly, for model Hamiltonians 67, 68 and that its extension to ab initio Hamiltonians should be possible. Regarding the electronic transport, the recent steady-state DFT of Stefanucci and Kurth, 69 where both the density on the junction and the steady-state current are the basic variables, could be used as a starting point. Important correlation effects on the junction would then be described explicitly with wave function-based methods while weaker correlation effects would be modelled by a density (or occupations) functional, in the spirit of the recently proposed site occupation embedding theory (SOET). 67, 68 We currently investigate the formulation of such an approach for model Hamiltonians. Despite the evidence that further progress is necessary, the computational framework employed herein allows us to shed light into some aspects that have not received enough attention in the computational treatment of molecular spintronics devices, especially those related to the accurate description of the junction.
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